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The actin-binding protein filamin links membrane receptors
to the underlying cytoskeleton. The cytoplasmic domains of
these membrane receptors have been shown to bind to various
filamin immunoglobulin repeats. Notably, among 24 human fil-
amin repeats, repeat 17 was reported to specifically bind to
platelet receptor glycoprotein Iba and repeat 21 to integrins.
However, a complete sequence alignment of all 24 human fil-
amin repeats reveals that repeats 17 and 21 actually belong to a
distinct filamin repeat subgroup (containing repeats 4,9, 12, 17,
19,21, and 23) that shares a conserved ligand-binding site. Using
isothermal calorimetry and NMR analyses, we show that all
repeats in this subgroup can actually bind glycoprotein Ibe,
integrins, and a cytoskeleton regulator migfilin in similar man-
ners. These data provide a new view on the ligand specificity of
the filamin repeats. They also suggest a multiple ligand binding
mechanism where similar repeats within a filamin monomer
may promote receptor clustering or receptor cross-talking for
regulation of the cytoskeleton organization and diverse filamin-
mediated cellular activities.

Human filamin (FLN)? was discovered decades ago and is now
known to consist of three isoforms, FLNa, FLNb, and FLNc (1-3).
FLNaand FLNb are ubiquitously expressed, whereas FLNc is pres-
ent predominantly in cardiac and muscle tissue. All three filamins
are composed of two actin-binding calponin homology domains at
their N termini followed by 24 Ig-like repeats of ~95 amino acids.
The last repeat 24 dimerizes so the full-length filamin is thought to
exist as an extended dimer held together at its C terminus. The 24
repeats are interrupted by two hinge regions: one between repeats
15 and 16 and another between repeats 23 and 24. The regions
1-15 and 16 —24 are referred to often as rod 1 and rod 2, respec-
tively. A vast array of proteins including multiple membrane
receptors has been found to bind the rod 2 segment, but few have
been found to bind to the rod 1 segment (1, 2, 4). Interestingly, rod
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1, which follows the N-terminal actin-binding calponin homology
domains, was recently found to have weak actin binding activity
(5).

The prominent role of the C terminus (rod 2) of filamin in
protein-protein interactions has led to the extensive structural
characterizations of repeat-target complexes including repeats
17 (6), 21 (7-10), 23 (11), and 24 (12). These studies suggested
that while maintaining very similar immunoglobulin fold, the
filamin repeats preferentially bind to different targets, notably,
repeat 17 binds to glycoprotein Iba (GPIba) (6), repeat 21 binds
to both integrin B cytoplasmic tails and migfilin (7-10), repeat
23 binds to FilGAP (11), and repeat 24 forms the filamin
homodimer. In all of the ligand-bound structures of filamin
repeats, the ligand is sandwiched between (3 strands C and D of
the repeat, and the peptide ligand itselfis a 8 strand and extends
an existing B-sheet. A structure of multiple repeats, repeats
19-21, has been recently reported (13). Interestingly, the first
strand of repeat 20 was found to act as a ligand by interacting
with the groove between the 3 strands C and D of the adjoining
repeat 21. This binding mode mimics that for integrin, and thus
repeat 20 is presumed to block integrin binding to the repeat 21,
suggesting an autoinhibition mechanism for regulating the
FLNa/integrin interaction.

The highly conserved ligand binding mode observed in various
reported structures of the filamin repeat-target complexes raises a
fundamental question as to the basis of ligand specificity. For
example, whereas repeat 17 was shown to recognize GPIba and
repeat 21 bind to integrin or migfilin (6, 7), no apparent sequence
preferences on the ligand-binding sites of these two repeats can be
derived from their structures. Furthermore, data on the previously
reported ligand specificity of the filamin repeats is conflicting. For
example, FLNc repeat 21 was shown to bind to migfilin (10, 14),
but another study on FLNb showed that repeats 10 —13 specifically
recognize migfilin (15). The sequences of repeat 21 from FLNa, b,
and c are very similar, and the ligand-contacting strands C and D
have miniscule differences making it unlikely that FLNb repeat 21
does not bind migfilin.

In this study, we have undertaken a detailed bioinformatics
analysis on all 24 filamin repeats and discovered that they can be
divided into four subgroups. To our surprise, the distinct ligand-
binding repeats 17 and 21 belong to the same subgroup A, which
contains a total of seven repeats: 4,9, 12,17, 21, and 23. The ligand-
binding sites within these repeats have a far greater degree of sim-
ilarity to each other than the rest of the filamin repeats. Detailed
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s > [
Repeatd -CGNUKVRﬁ-- — -—-GPGLEGG%VCKSADFV@AI@DVGT---LGF VR~ 41
RepeatZl -GGAHEVRAG--—------GPGLERA--EAGUVPAEF STWTREAGAGG---LATAVE----- 41
Repeat? -TKP SKVKAF--------CGPGLQGG~-SAGSPARF TID TRGAGTGG~--LGLTVE-—--- 41
RepeatlZ -CDPSRVRVH--------GPGIQSG~- TTNKPNEF TVE TRGAGTGG---LGLAVE----- 4l
Repeatl? -GDASREVRVYS--—------GQGLHEG--HTF EPAEF IID TRDAGYGG~--LELSIE----- 41
RepeatZ3 -GDPCOLVEAY--—---—-GAGLEGG~-VTGNPAEFVWNTSNAGAGA---LEVTID ——~-- 41
Repeatl? ~VNCGHV TAY--------GPGLTHG--VUNKPATF TVNTKDAGEGG---LSLAIE----- 4l
Repeatl ~LNPREARAY--—------GPGIEP TRMVKKRAEF TVE TREAGQGE---VLUVYVE----- 43
Repeat3 -CNPSACRAV--------CGRGLOQPEGVRVKETADFRVY TRGAGSGE---LKVTVK-—--- 43
RepeatZ -GDASKVTAQ--------GPGLEPSGNIANKTTYF EIF T- AGAGT G--EVEVVIQ----- 43
Bepeatll -VDTSGVQCY--—------GPGIEGQGVFREATTEF SUD ARAL TQT GGPHVKEARVA ——--— 46
Repeat$ DFHPD RVKAR--------CGPGL EKTGVAVNKPAEFTVD AKHGGRAP---LRVQVQ ——--- 44
Repeat? -HDASKVEAE--------GPGLSRTGVELGKPTHF TVNAKALCGKGK---LDVQFSGL--- 45
repeatld ~HDASKVEAS--—------CGPGLNT TGV PAS LPVEF TID AKDAGEGL---LAVQIT -—--- 43
RepeatlO -FDASKVECS--------GPGLER--ATAGEVGQFQUDCSSAGSAE---LTIEIC----- 4l
Bepeatl3 ~TDASKVREC §--------CGPCGLEP RIVRANLPQSF QUD TSRKAGVAP---LQVRVQ ----- 43
Repeate -SHPNEVRVY------—-CGPGVAKTGLEAHEPT YF TVD CAEAGQGD---VSIGIKCAPGY 48
Repeatl$ ~GDASKC TVTVS IGGHCGL GAGIGP T-IQIGEETVITVD TKAAGKGK---VTCTVC ——--- 50
RepeatZd =ADASKVVAR-~—-=----CLGLEKA--YVGOKS SF TVD CSRAGINM---LLVGVH--- -~ 41
Repeats -LDLEKIRVE--—----—-CLGERVD---VGRDQ EFTVKSKGAGGQ G--KVASKIV--- -~ 41
Bepeatl8 =======8MR----===-MSHLK-----VGSAADIPINISKTDLSL---LTATVV~-—--- 3z
RepeatZ0 -KESITRRRR------—-APSVAN----VGSHCDLS LKIPEISIQD---MTAQUT ——--- 39
RepeatZZ -GDARRL TVS--—--------SLQESCLRVNQPASF AVS LNGARGAT----DARVH----- 40
Bepeatlé --APERPLVG------—--UNGLDVT---SLRPFDLVIPF-TIRKKGE---ITGEVR----- 38
e W

Repeatd -GPSQA----KI DRGDGSCDVRYWPQEAGE YAVHVLCNS - RLSPFMADIRDAPQ- 95
RepeatZl -GPSRA----EISFEDFKDGECCGVATYVVQEPCD YEVSVKFNE-EHIPD SPFUVPVASPS-- 94
Bepeat? -GPCEA----QLECLDNGDGTCSVSYVPTEPCD YNINILFAD -THIPGSPFRAHVVPC--- 393
Repeatlz -GPSEA----KMSCHMDNKDGEC SVEYI PYEAGT YSLNVTY GG-HQVPGSPFRVPVHDY --- 93
Repeatl? =GPSRV----DINTEDLEDGTCRVTYCPTEPGNYIINIKFAD -QHVPGSPF SVKVTGEGRY 36
RepeatZ3 -GPSRV----KMDCQECPEG-YRVTYT PMAPGE YL ISIKYGGPYHIGGSPFKAKVTGPRLY 96
Repeatl? -GPSKA----EISCTDNQDGTCSVSYL PVLPCDYSILVKYNE -QHVPGSPF TARVTGDD-- 94
Repeatl ~DPAGHQ EE 2KV TANNDENRTF SUTYVPEV TGTHRKVTVLF AG-QHIAKSPF EVYUDKSQ-- 100
Repeat3 -GPRG---EERVRIKDLGDGVYGFEYY PMVPCT YIVTI TWGG-QNIGRSPF EVKVGTE--- 396
RepeatZ -DPMGUKGTVEPQLEARGDS TYRCEYQPTMEGUVHT VHV TFAG-VPIPRSPYTVTVGQA--- 99
Repeatll -NPSGN--LTETYVQDRGDGMYRVEYT PYEEGLHSVDV TYDG-SPVPS SPFQUVPVTEG--- 100
RepeatS -DNEGC--PVEALVEDNGNGTY SC SYVPRKPVEHTAMV SWGG-VSIPNSPF RVNVGAG--- 98
Repeat? =TRGDA--VEDVDIIDHHDN TY TVKYT PVQQGPVGVNV TY GG-DP IPKSPFSVAVS PS —-- 939
repeatld -DPEGE--PREKTHIQDNHDGTY TVAYVPDV TGRYTILIKY GG-DEIPF SPYRVRAVPT--- 97
RepeatlO -SEACGL--PAEVYIQDHGDGTHTITYIPLCPGAYTVTIRKY GG-QPVPNFPSKLQVEPA--- 35
Repeatl3 -GPKGL--VEPVDVUDNADGTQ TVNYVPSREGPYSISVLYGD -EEVPRSPFKVKEVLPT--- 97
Repeaté VGPAEA--DIDFDIIRNDND TF TVKYT PRGAGSYTIMVLFAD -QATPTSPIRVKVEPS --- 103
RepeatlS -TPDGS--EVDVDVVENEDGTFDIFYTAPQPCKYVICVRF GG-EHVPNSPFQUT------- 100
RepeatZ4d -GPRTP--CEEI LVKHVGSRLY SVEYL LKDRGEYTLVVEWGD -EHIPGSPY RUVVP -—---- 93
Repeat8 -GPSGAAVPCKVEP-GLGADNSVVRFLPREEGPYEVEVTYDG-VPVPGSPFPLEAVAP --- 36
Repeatl8 =PPESCGR--EEPCLLERLRNGHVGI SFVPKE TCEHLVHVERNG-QHVAS SPTPUVISQSEI- 88
RepeatZ0 -SPSCGK--THEAEIVEGENHTY CI RFVPAEMCTHT VSVKYKG-QHVPGSPFQF TVGPLGE- 35
RepeatZz -SPSGA--LEECYVT EID QDKYAVRFI PRENGUYLIDVKFNG-THIPGSPFRIRVGEPGHG 97
Repeatle -MPSCE--VAQP TITDNRDG TV TVEYAPSEACLHEMDI RYDN-MHIPGSPLQFYVDY---- 391

FIGURE 1. Alignment of 24 immunoglobulin repeats of human filamin A using ClustalW2. Notice that there is
only a single conserved proline residue (*) among the repeats, despite the fact that these repeats may adapt similar

*

structures. Secondary structural motifs as in the repeat 21-integrin37 structure are shown above the sequences.

1445), 17 (residues1863-1956), 19
(residues2045-2140), 21 (resi-
dues2236-2329), and 23 (resi-
dues2427-2522) from human FLNa.
All of the repeats were cloned into
GST parallel-1 vector between
BamHI and Xbal restriction sites
for expression in Escherichia coli
BL21(DE3). DNA sequencing con-
firmed the authenticity of the re-
peats cloned. Protein expression of
unlabeled and uniformly '°N-la-
beled samples was induced at Agg,
of 0.7 with 0.3 mm isopropyl B-D-
thiogalactopyranoside and allowed
accumulate protein for a further
16 h at room temperature. E. coli
was lysed in 50 mm Tris, pH 8.0, 1
mM DTT, 1 mm EDTA, and 10%
glycerol with protease inhibitors
using the French press/sonicator.
The GST-fused repeat proteins
were purified by standard methods
and assessed for homogeneity by
SDS-PAGE. Uniformly '°N-labeled
and unlabeled GST filamin repeats
were cleaved with tobacco etch
virus protease to release the repeats
from GST. The cleaved GST and
repeat mixture was passed through
a glutathione resin to remove GST,
and a final size exclusion chro-
matography, using a S75 column
(GE Healthcare) was incorporated
to obtain homogeneous filamin re-
peat proteins. Filamin repeats were
extensively buffer-exchanged into 25
mM sodium phosphate, pH 6.4, 5 mm
NaCl, and 1 mMm DTT and used for
isothermal calorimetry (ITC) exper-
iments. All of the repeats have an

binding analyses demonstrate that these repeats do bind similar
ligands including GPIba, integrins, and migfilin, with repeat 21
having the strongest affinity to the ligands. These new results sig-
nificantly change the filamin literature landscape. They also pro-
vide mechanistic insight into how similar filamin repeats may uti-
lize a multiple ligand binding mechanism to promote the
clustering of the same receptor or cross-talk among different
receptors during cellular signaling processes.

MATERIALS AND METHODS

Sequences and Constructs—Human FLNa full-length cDNA
(NM_001456) clone was kindly provided by Dr. Fumihiko
Nakamura (Harvard Medical School). The accession num-
bers for the chicken and Drosophila proteins used in our
analysis are AAA58939 and AAG43431. Primers were de-
signed to subclone repeats 4 (residues 574—668), 9 (res-
idues1065—-1157), 10 (residues1158 —1252), 12 (residues1353—
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N-terminal GAMDP sequence derived from the vector. Of the
eight repeats (including repeat 10, the negative control) used in
"H-'*N heteronuclear single quantum spectra (HSQC) experi-
ments, only repeat 4 gave extra number of peaks and was unsta-
ble during expression and purification. The conformational
instability/heterogeneity problem was also detected during
purification on the S75 size exclusion column where a fraction
of the repeat 4 seems to be unfolded. This peculiarity of repeat
4 prevented good isothermal calorimetry data from being
obtained.

Peptides—The following peptides were synthesized in the
biotechnology core facility of the Lerner Research Institute at
the Cleveland Clinic: peptide 1, MASKPEKRVASSVFITLAPP-
RRDV (Migfilin, residues 1-24); peptide 2, LRGSLPTFRSSLE-
LWVRPNGRYV (GPIbg, residues 556 —577); peptide 3, WKQD-
SNPLYKSAITTTINPRFQEADSPTL (B7, residues 769-798);
peptide 4, IKRLLSEKKTCQCPHRFQKTCSPI (CD4, residues
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435-458); and peptide 5, WNNDNPLFKSATTTVMNPK-
FAES (B2, residues 747-769). The lyophilized peptides were
carefully weighed and dissolved in the water or the above men-
tioned phosphate buffer, assuming 75% purity. Peptides with a
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FIGURE 2. Sequence-based relationships between filamin repeats in

human filamin A. The classification is based on the sequence similarities in
Fig. 1. Repeat 15 does not fall into any distinct class.
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Multiple Similar Ligand-binding Repeats in Filamin

tryptophan residue were estimated by UV absorption, and the
two methods gave very similar values.

NMR Spectroscopy—All of the HSQC spectra were recorded
in the 600-MHz cryo-cooled Bruker spectrometer at the Cleve-
land Center for Structural Biology. After recording the free
form spectra, each of the peptides were added to the repeat
proteins, and the pH was readjusted to with 0.02 units. The
proteins were in a final buffer containing 25 mm sodium phos-
phate, pH 6.4, 5 mm NaCl, and 1 mm DTT. All of the spectra
recorded were at 30°C. The ligand-bound spectra were
recorded in an identical manner. All of the spectra were pro-
cessed using NMRPipe and visualized using NMRdraw (16).

Isothermal Calorimetry—Purified filamin repeats were ex-
tensively buffer-exchanged into degassed 25 mm sodium phos-
phate, pH 6.4, 5 mMm NaCl, and 1 mm DTT to mimic the buffer
conditions used for magnetic resonance spectroscopy. GST-
fused filamin repeats were estimated using UV absorbance. The
potential ligand peptides (GPIbe, B2, 87, Mig-N, and CD4)
were also made in an identical batch of buffer to minimize
experimental variability. Protein concentration of 35-50 um
was used to titrate 1 mm ligand in the injection syringe. 2-ul
injections of the ligand at 3-min intervals were done to estimate
the heat changes on binding. The use of purified repeats elimi-
nated the small precipitation observed during I'TC titrations of
GPIba with GST-fused repeats. A single-site binding model
with free stoichiometry was used to analyze the data.

RESULTS

Filamin Repeats Can Be Subdivided into Four Distinct
Subgroups—Human filamin has long been known to contain 24
Ig repeats, each of 90-100 amino acids. However, sequence
alignment of these repeats in FLNa
using the sequence alignment pro-

D gram ClustalW2 (17) shows that

—>

Repeat19 GDASRVRVSGQGLHEGHTFEPAEFTTDTRDAGYGGLSLSTEGPSKVDINTEDLEDGTCRV 60  very few amino acids are identical
Repeat23 GDPGLVSAYGAGLEGGVTGNPAEFVVNTSNAGAGALSVT IDGPSKVKMDCOECPEG=YRV 59 1 hout all of th ts A si
Repeatl7? VNCGHVTAYGPGLTHGVVNKPATFTVNTKDAGEGGLSLAIEGPSKAET SCTDNQDGTCSY 60 roughout all oI the repeats. A sin-
Repeat9 TKPSKVKAFGPGLOGGSAGSPARFTIDTKGAGTGGLGLTVEGPCEAQLECLDNGDGTCSV 60  gle proline is all that is absolutely
Repeat12 CDPSRVRVHGPGIQSGTTNKPNKFTVETRGAGTGGLGLAVEGPSEAKMSCMDNKDGSCSV 60
Repeatd CGNOKVRAWGPGLEGGVVGKSADFVVEATGDDVGTLGFSVEGPSOAKTECDDKGDGSCDY 60  COTSEIV ?d when ‘all of the repeats
Repeat2l GGAHKVRAGGPGLERAEAGVPAEFS INTREAGAGGL? G rsrEDRKDGSCGV 60  are considered (Fig. 1). On the other
oox ot 2ok hand, a phylogenetic tree of these
Repeatl19 TYCPTEPGNYIINIKFAD-QHVPGSPFSVKVTGEGRV 96 repeats based on amino acid simi-
Repeat23 TYTPMAPGSYLISIKYGGPYHIGGSPFKAKVTGPRLV 96 larﬂjesrevealedthattherepeatscan
Repeatl17 SYLPVLPGDYSILVKYNE-QHVPGSPFTARVTGDD-- 94 be divided into f b b
Repeat? SYVPTEPGDYNINILFAD-THIPGSPFKAHVVPC--- 93 e divided into four subgroups (sub-
Repeat12 EYIPYEAGTYSLNVTYGG-HQVPGSPFKVPVHDV--- 93 groups A, B, C, and D) (Fig. 2).
R 4 RYWPQEAGEYAVHVLCNS-EDIRLSPFMADIRDAPQ- .
epeat OERG cns S ol Group A contains seven repeats: 4,
Repeat2l 94

AYVVQEPGDYEVSVKFNE-EHIPDSPFVVPVASPS--—

* * Kk . * ok k

B.

B2 integrin
B7 integrin

" TWNND-NPLFKSATTTVMNPKFAES'®?

GPlbalpha 3¢ _LRGSLPTFRSSLFLWVRP—NGRV®'’
Migfilin-N 'MASKPEKRVASSVFITLAPPRRDV?**
CD4 35 IKRLLSEKKTCQCPHRFQKTCSPI*®®

FIGURE 3.FLNarepeat/ligand interface. A, alignment of the seven Class A repeats. The conserved residues are
marked with asterisks. Similar amino acids in the alignment are marked with colons or periods. The ligand-
binding site is highlighted in red, and this forms the 3 strands C and D that lock down the peptide ligand
(integrin, migfilin, or GP1ba). The residues in blue are peculiar to repeat 23, which may explain its ligand affinity,
which is lower than that of other repeats (see text). B, comparison of the five filamin repeat target sequences.
Integrin, GPIbe, and midfilin have similarities but are completely different from CD4, which does not bind

group A repeats (it binds to repeat 10, not a member of group A, see text).
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76oWKQDSNPLYKSAITTTINPRFQEADSPTL ?®

9, 12, 17, 19, 21, and 23, some of
which were surprisingly extensively
characterized as specific ligand-
binding repeats including repeats
17, 21, and 23 (6-11). Compared
with other subgroups, group A
appears to have a well conserved
ligand-binding site based on avail-
able structures (Fig. 3, red bar), sug-
gesting that they can all bind the
same ligand or simultaneously bind
to different ligands. This prediction,
if proven, would significantly alter
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FIGURE 4. Isothermal calorimetric estimation of dissociation constants (K,) for GPlb« binding to repeat
9 (A), repeat 12 (B), repeat 17 (C), repeat 19 (D), repeat 21 (E), and repeat 23 (F). All of the experiments were
in degassed 25 mm sodium phosphate, pH 6.4, 5 mm NaCl, and 1 mm DTT at 30 °C. Note that repeat 4 was
unstable, preventing the precise measurement of the affinity, but the quick HSQC experiment clearly shows
that it binds to GPlba (see Fig. 5A).

the view of the specificity for the
filamin repeats that were thought
to be highly specific, e.g. repeat
17 specifically binds GPIba (6),
whereas repeat 21 recognizes inte-
grins and migfilin (7-10). To exper-
imentally verify this prediction, we
decided to characterize the bind-
ing of the group A repeats to a set
of known physiologically relevant
ligands including the GPIba cyto-
plasmic tail (residues 556-577,
GPIba), integrin (B2 cytoplasmic
tail (residues 747-769), integrin 37
cytoplasmic tail (residues 769 -
798), and the N terminus of migfilin
1-24 (Mig-N).

Group A Repeats Bind GPlba
with the Repeat 21 Having the High-
est Affinity—W e started by assess-
ing the binding of GPIba to the
group A repeats because this pep-
tide was the first well character-
ized target bound to FLNa repeat
17 (6). Fig. 4 shows the ITC pro-
files of repeats 9,12,17,19, 21, and
23 upon the addition of the GPIba
peptide. In addition to repeat 17,
all other group A repeats bind
GPIba potently with affinities in
the submicromolar to micromolar
range. Surprisingly, the highest
affinity is not repeat 17 but repeat
21 (K, = ~0.13 um), which is signif-
icantly higher than repeat 17 (K, =
~0.71 uMm).

As an independent approach,
we performed NMR-based bind-
ing experiments using quick two-
dimensional '"H-"°N HSQC. Fig. 5
shows selective cases involving
repeat 4 (Fig. 5A), repeat 9 (Fig. 5B),
and repeat 21 (Fig. 5C). It is clear
that these repeats bind potently to
GPIba as indicated by the substan-
tial chemical shift changes. The
binding data of other group A
repeats are provided in supplemen-
tal Figs. S1 and S2, respectively. The
extent of the chemical shift change
upon binding to GPIba is similar
among these repeats, indicating that
the affinities should be similar, con-
sistent with the ITC data in Fig. 4.
Note that the repeat 4 binding to
GPIba seems to be of intermediate
exchange with significant line
broadening (Fig. 54). However, the
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FIGURE 5. GPlba peptide binding to FLNa repeats. Shown are 600-MHz
two-dimensional "H-">N HSQC of 0.1 mm '°N-labeled repeat 4 (A), repeat 9 (B),
and repeat 21 (C) in the absence (black) and presence (red) of 0.3 mm unla-
beled GPlb« peptide at pH 6.4 and 30 °C.

extent of the chemical shift change (based on the visible signals)
is similar to other repeats. Repeat 4 clearly exhibits conforma-
tional heterogeneity as evidenced by the presence of five tryp-
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TABLE 1

Comparison of the affinities of different ligands for human FLNa
repeat 21

Ligand Affinity (K},
M
GPIba 0.15
Migfilin 2-4
Integrin 7 16-32
Integrin 32 ND“

“ ND, not detectable; reported value is 525 um (8).

tophan side chain resonances present, when the protein itself
has only two. Further, the presence of many strong peaks in the
7.8-8.4-ppm range suggests a fraction of unfolded protein
being present. However, GP1ba binding does occur to at least
one or possibly more species present in solution.

Group A Repeats Also Bind Integrins—Next, we asked
whether group A repeats bind integrin cytoplasmic tails. The
binding of integrins to full-length filamin has been extensively
characterized in vivo and in vitro (18, 19), and B7 cytoplasmic
tail was shown to bind filamin repeat 21 with the highest affinity
(7, 20, 21) at a K, level of 16 —32 um (Table 1). This affinity is
much lower than that for repeat 21/GPIb« interaction. Other
repeats bind even more weakly to integrin tails, which pre-
cluded precise ITC measurements. However, alternative NMR-
based HSQC experiments for all seven repeats revealed appre-
ciable chemical shift changes upon binding to 37 cytoplasmic
tail, indicating that these repeats do bind integrins. Fig. 6 shows
representative HSQC plots for repeats 4, 12, and 17. The extent
of the chemical shift changes is either similar or less than pre-
viously reported repeat 21/B7 interaction (7, 10). Interestingly,
repeat 17, which has been characterized to specifically bind
GPIba, also binds potently to the integrin B7 tail (Fig. 6C).
Repeat 4, located in rod 1 segment and closest to the actin-
binding domain, also binds integrin (Fig. 6A). Repeats 9 (not
shown) and 12 (Fig. 6B) in the rod 1 segment of filamin bind
integrins as well. These results significantly extend the number
of integrin-binding sites in filamin. A similar phenomenon was
also observed for integrin 32 cytoplasmic tail with the chemical
shift changes being smaller than B7 (not shown). A spectral
comparison of the strongest (GPIba) versus weakest binding
(B2) to repeat 21 is shown in supplemental Fig. S3. Thus, all
seven group A repeats can bind various integrin cytoplasmic
tails. Although single repeat/integrin tail may interact mod-
estly, the full-length filamin may allow more extensive binding
where multiple similar repeats can simultaneously bind to mul-
tiple integrins on the membrane surface in a high affinity clus-
tered fashion.

Group A Repeats Also Bind Migfilin—Previous structural
studies have shown that the cytoskeleton regulator migfilin and
integrin f tail essentially occupy the same site on filamin repeat
21 (9, 10), and therefore we decided to determine whether other
group A repeats also bind to Mig-N. As predicted from the
above studies, we found that all filamin repeats in group A bind
migfilin. Representative HSQC perturbations for repeats 4, 9,
and 17 with Mig-N are shown in Fig. 7, respectively. A negative
control experiment was performed using a repeat from another
subgroup (see below).

Promiscuity versus Specificity of the Group A Repeats—The
above results demonstrate that the seven group A repeats all
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FIGURE 6. Integrin B7 binding to FLNa repeats. Shown are 600-MHz two-
dimensional "H-">N HSQC of 0.1 mm '>N-labeled repeat 4 (A), repeat 12 (B),
and repeat 17 (C) in the absence (black) and presence (red) of 0.3 mm unla-

beled B7 at pH 6.4 and 30 °C.

recognize the same set of target peptides including B7, B2,
Mig-N, and GPIba (Fig. 3B). Because the structures of some of
the group A filamin repeats with these peptides are known, one
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FIGURE 7. Migfilin-N binding to FLNa repeats. Shown are 600-MHz two-
dimensional "H-">N HSQC of 0.1 mm '°N-labeled repeat 4 (A), repeat 9 (B), and
repeat 17 (C) in the absence (black) and presence (red) of 0.3 mm unlabeled

migfilin-N at pH 6.4 and 30 °C.

can readily deduce that these peptides likely occupy a similar
site on all seven repeats, i.e. straddled between strands C and D
(Fig. 3A). As indicated above, the integrin cytoplasmic tails and
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FIGURE 8. Specificity of ligand binding to repeat 10 at pH 6.4 and 30 °C. A, 600-MHz two-dimensional "H-'>N HSQC of 0.1 mm '°N-labeled repeat 10 with 1
mm CD4. B, expanded 600 MHz two-dimensional 'H-">N HSQC of 0.1 mm '>N-labeled repeat 10 with 0.6 mm CD4 (red) and 1 mm CD4 (green). The arrows indicate
specific peak perturbations, which are absentin C.C,0.1 mm '°N-labeled repeat 10 with 0.5 mm migfilin-N. D, expanded 600-MHz two-dimensional "H-">N HSQC
of 0.1 mm '°N-labeled repeat 10 with 0.5 mm migfilin-N. There are no recognizable chemical shift changes in Cand D.

migfilin appear to be weaker filamin ligands than GPIba as
judged by the extent of the chemical shift changes. This is also
quantitatively shown for the representative repeat 21, which
binds to different ligands with GPIba having the highest affinity
followed by migfilin and integrin respectively (Table 1). An
extreme case was found for repeat 23, which binds to GPIb«a
very potently but to migfilin and integrins almost negligibly
(supplemental Fig. S4). Repeat 23 does deviate the most around
the ligand-binding site as compared with other group A repeats,
which may contribute to this phenomenon (Fig. 34). The pre-
cise basis as to why GPIba generally binds stronger to group A

DECEMBER 11, 2009+ VOLUME 284+NUMBER 50

repeats than other target peptides remains to be determined.
Nevertheless, the affinities to the same ligand(s) within the
seven repeats appear to be rather similar as indicated by the ITC
data on GPIba (K, range between submicromolar and micro-
molar) (Fig. 4).

The multiple ligand binding (GPIba, Mig-N, integrin 87, and
integrin B2) to the group A repeats indicates that group A is
quite promiscuous for selecting ligands. On the other hand, the
repeats in this group, as noted above, do contain a specific
ligand-binding site (Fig. 3). To further examine whether this
group is specific to the above ligands, a control experiment is
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necessary. We selected repeat 10, which is outside the group A,
for the test because this repeat has been recently shown to bind
human immunodeficiency virus CD4 receptor at its cytoplas-
mic domain and play a role in human immunodeficiency virus
entry into immune cells (22). As shown in Fig. 84, the addition
of CD4 caused small but specific chemical shift changes of *N-
labeled repeat 10 (see arrows), confirming the weak binding.
We titrated repeat 10 with 3, 6, and 10 molar excess of CD4 to
confirm the specificity of this interaction. A representative
expanded region in shown in Fig. 8B substantiating the speci-
ficity. In contrast, migfilin, which caused dramatic chemical
shift changes to group A repeats (Fig. 7), did not bind repeat 10
atall atlarge excess (1:5 protein:peptide ratios) (Fig. 8, Cand D),
providing evidence that other group repeats are indeed differ-
ent from the group A repeats. Comparison of the amino acid
sequences of integrin, GPIba, and migfilin show critical con-
served hydrophobic residues, but these ligands are completely
different from CD4 that recognizes repeat 10 that is outside the
group A, providing a basis for understanding the specificity for
group A-target complexes. Note that integrin 32 has the lowest
homology to GPIba in terms of hydrophobicity (Fig. 3B) as
compared with integrin 87 and Mig-N, which may explain why
B2 binds to the group A repeats with the lowest affinity.

Evolutionary Conservation of the Group A Repeats—Because
filamin is a well conserved molecule from Drosophila to mam-
mals, we examined the distribution of these group A repeats in
Drosophila (AAG43431) and chicken (AAA58939) filamins.
We noticed that the C terminus of both Drosophila and chicken
filamin have the same alternating group A and group B repeats
as in humans (see supplemental Figs. S5 and S6 for a full com-
parison). Furthermore, the rod domain 1 of both Drosophila
and chicken also has the group A repeats in the same pattern as
human filamin. The only difference is that the Drosophila fil-
amin has only six of these repeats in total and not seven as in
higher animals. Nevertheless, our data indicate that the group
A repeats are evolutionarily conserved, which may be function-
ally important in terms of the ligand binding for regulating
cytoskeleton and a variety of cellular activities.

DISCUSSION

In this study, we have performed the first systematic struc-
ture and sequence-based classification of filamin repeats in
human FLNa. The major finding of the study was the identifi-
cation and characterization of the distinct group A repeats that
appear to interact with a set of biologically important ligands
(Figs. 2 and 3). A comparison of three human filamin isoforms
(1) reveals high similarity all through their sequences, and
therefore the group A repeats are expected to have similar
properties in all isoforms. Our finding significantly extends the
view of the specificity of the filamin repeats. Contrasting the
previous notion that one repeat binds to one individual ligand,
e.g. repeat 17 to GPIba (6) and repeat 21 to integrin (7), the
whole group A can bind to a set of ligands including GPIba and
integrins. Our study also resolves the ambiguity originated
from the previous cell-based studies. Specifically, migfilin was
shown to bind repeat 21 of FLNa and FLNc (14), whereas Taka-
futa et al. (15) only detected the binding of FLNb repeat 11-13
to migfilin but not FLNb repeat 21. Our finding that both repeat
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FIGURE 9. A model for integrin receptor clustering mediated by seven
filamin repeats.

12 (contained in the repeat 11-13 construct of Takafuta et al.
(15)) and repeat 21 belong to group A and both bind to migfilin
now resolves this confusing issue. The results of the two studies
(14, 15) were partially correct, but both were incomplete. The
binding of repeat 12 to migfilin found in our study is also consis-
tent with a recent study where rod 1 segment of filamin con-
taining repeat 12 binds to migfilin (9).

Because all of the group A repeats can bind the cytoplasmic
tails of large membrane receptors such as integrins or GPIbe, it
seems plausible that they can bind them simultaneously, and
such interactions may promote clustering of these cell surface
receptors. Based on our experimental evidence we propose a
model (Fig. 9) where receptors like integrins are spatially clus-
tered by filamin. Such clustering may be further modulated by
the typical multimeric ligands that bind to the extracellular
domain and/or by different conformational transitions that are
induced during different stages of integrin signaling, and fil-
amin likely facilitates this process. The clustering can of course
be extended to other types of filamin group A repeat-binding
receptors such as GPIba. Our use of the term clustering does
not imply integrin activation, a phenomenon where multivalent
ligand binding to the extracellular domain of integrins bridges
integrins together. Here we suggest that multiple integrins
binding to a single filamin molecule (monomer/dimer) should
promote the local enrichment of the integrins and prevent the
free diffusion of integrins-GP1ba on the fluid plasma mem-
brane. If this hypothesis turns out positive, filamin by engaging
many membrane receptors may act as a raft shipping defined
signaling complexes to various cellular docking sites to initiate
signal transduction events. Although proving this hypothesis
requires vigorous in vivo characterization, filamin-mediated
ion channel receptor clustering has been reported as a result of
filamin-HCN1 (ion channel receptor) interaction (23).

Another extrapolation of our data is that filamin group A
repeats may simultaneously bind to different receptors/pro-
teins such as integrin allbB3 and GPIba, both of which are
membrane receptors present at high density in platelets. This
may allow these receptors to communicate with each other.
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Although filamin may be localized to specific cellular compart-
ments for different interactions (24, 25), a single filamin mole-
cule may also switch binding partners in the same cellular com-
partment to trigger signaling events. For example, as reported
recently, migfilin competes with integrin (9, 10) in displacing
filamin-integrin connections. By doing so, we showed that mig-
filin can promote integrin activation (10).

In conclusion our results provide new and surprising infor-
mation on the ligand specificity of the filamin repeats. Our find-
ings also suggest a multiple ligand binding mechanism for
filamin, which may facilitate receptor clustering or receptor
cross-talking, regulating the cytoskeleton and diverse filamin-
mediated cellular activities.
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